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The objective of this project is to determine if 
organics in pulp and paper industry leachates can und ~ r 00 
anaerobic degradation in soil. If the leachate doe s rl P. ~r a rl 0. , 
it could reduce the potential for g roundwater pollution. 
Attenuation, the decrease in the concentration of contam-
inants, can be affected by different soil parameters ljk e 
biological activity, particle size and pore spaces. Al s o, 
temperature can affect the rate of degradation. 
ill ,n,m \ lV!;I;, u II 
Not only does this study want to show the presence of 
degradation, but also the effects of adsorption with diff-
erent soils. 
The results of pH, ORP, and COD tests show that 
degradation occured at warm temperatures in the leachate 
by itself and in a sample of leachate with clay. But no 
degradation occured in the sand with leachate. The cooler 
temperature samples showed little degradation but they d jd 
show a slow trend toward degradation ~s would be expected 
with a low temperature. 
The warm leachate samples that showed degradation 
reached an intermediate step in the methanogen i c degradation 
process. In this step, acetic and propionic acid are pro-
duced. All results point to methane · production except the 
ORP values are too high. 
In further irivestigations, Rall cannin g jars w~~l d 
make better rPactor s bec au s 0 th0 li rl s w011]d :c: t: ;:::i_ ,, H nh t- . 
Also. the reR,tors should be run lon<Jer t:o rlpt: e r.rn :i ne 1.,,trnt-
I 
i 
1 would eventually happen in the cool temperAture . A 
higher soil to liquid ratio should be used and the 
leachate and soil should be added to the cool tempera-
ture reactors in a cool atmosphere to reduce gas 
compression. 
,...,. 
I 'i I I 
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I 
Introduction 
The pulp and paper industry has been discharging 
organic wastes along with some heavy metals into landfill s . 
In this industry, there is a greater concern for what 
effect the organics have on groundwater because there is 
a greater volume of organics in mill waste than there are 
metals. 
As materials leach into the ground from landfills 
and move toward and enter into the groundwater, many 
mechanisms in the soil attack them. Some of these include 
anaerobic degradation, adsorption, particle size, and pore 
space. It is the objective of this project to de t erm j ne 
i f organics from the pulp and paper industry can und e r 0O 
anaerobic degradation in the soil. 
It is important to learn what effects waste disposal 
operations have on groundwater and to what ext e nt 0 round-
water might be contaminated. It is also of impo r tance t o 
determine if the potential for groundwater pollution can 
be reduced by the att e nuation (a decrease in c ontaminant 




In McCarty's "Fundamentals in Anaerobic Treatment" 
(1), it is seen that fundamentals in anaerobic waste treat-
ment are similar to those of anaerobic biological activity 
on leachates in the soil. In anaerobic treatment, micro-
organisms convert organic waste into carbon dioxide and 
methane. The production of methane yields little energy 
to the microorgan i sms so their rate of growth is slow. 
As much as 80 to 90 percent of the degradable organic 
portion of a waste can be stabilized by anaerobic tre at-
ment. Hi gh temperatures are required for optimum perform-
ance, 85° to 95°F. One disadvantage of anaerobic treat-
ment is the lon ger period of time required to s tart th e 
process. 
Certain wastes that contain cellulose are more read i ly 
treated by anaerobic processes. McCarty (1) de sc ribes the 
anaerobic treatment of complex organic materials a~ a two 
step process. The first step is prior to the methane pro-
duction so no waste stabilization occurs at this point. 
Instead, the complex organic compounds are broken down 
into simple organic materials. The second ste p produces 
methane; organ i c acids are converted into carbon dioxide 
and methane. The most important me thane fo rmers grow quit e 
slowly and carry out the major portion of wa s t e s ta ht li-
zation. Their slow growt h and low rate of acid utilization 
represents the limiting step. 
2 
Anaerobic treatment, accordin g to Pfeffer in Methane 
Fermentation of Organic Fi bers (2), is a th ree-stage process. 
The first stage involves anaerobic microorganisms which 
act upon the organic fibers. These become the substrate 
for the microorganisms in the second, acetogenic stage. 
In this stage, the organic compounds are converted into 
organic acids, mainly acetic acid. These organic acids 
become the substrate for the anaerobic methanogenic bac-
teria. In this third step, acetic and propionic acid are 
fermented into methane and carbon dioxide. During this 
stage, stabilization occurs through the removal of oxygen 
demanding material as methane gas. 
An increase in acid concentration means the methane 
formers are not in balance with the acid formers. The two 
1 major volatile acid intermediates formed are acetic acid 
and propionic acid. 
The bacteria grow quite slowly so a longer time is 
required for them to adjust to changes in organic loading, 
temperature, or other environmental conditions. 
At higher temperatures, rates of reaction proceed 
much faster, so more effjcient treatment is achieved. An 
EPA report by Dunlap and McNabb (3) states that mesophilic 
0 0 0 organisms grow best at 25 to 40 C, thermophilic at 55 to 
60°c, and some can grow from 75° to 90°c. 
Tests were run on these bacteria by Pfeffer (2), 
that indicated highest activity at pH values between 5.0 
to 7.0. Also activity increased with temperature up to 
The optimum temperature range for the "thermophilic" 
cellulolytic bacteria is 55° to 65°c. The pH -range for 
J 
this growth is between 6.4 and 7.4. 
A major source of methane from the fermentation of 
organic substances results from acetic acid cleavage. 
Methanogenic bacteria are very sensitive to certain 
environmental factors. A small amount of oxygen is inhibi-
tory to these bacteria. rt is essential to have a highly 
reduced environment b~ maintained to promote their growth. 
I 
The optimum digestion occurs with an oxidation-reduction 
potential (ORP) between -520 and -530mv. Methane produc-
tion was completely inhibited at an ORP of -360mv. The 
optimum pH range is between 7.0 and 7.2. 
Other forms of toxicity include nitrites, nitrates, 
sulphides, heavy metals and toxit organic materials. Most 
of the problems of heavy metal toxicity in anaerobic treat-
me nt are associated with low soluble concentrations of 
copper, zinc and nickel salts. 
It is important that anaerobic conditions are main-
tained because oxygen can be quite detrimental to the 
anaerobic organisms. One requirement is that the waste 
be free of toxic materials. Sodium, potassium, calcium 
or magnesium concentration can be high in industrial wastes 
and can cause inefficiency or failure in anaerobic systems. 
Organic materials which are toxjc at high levels can often 
be anaerobi.cally treated at low levels and can be degraded 
at a pace equal to that of addition. 
Organic destruction in anaerobic treatment is directly 
related to methane production according to Pfeffer (2). 
The bacteria responsible for waste conver s ion and 
4 
stabilization in the anaerobic process require nitrogen, 
I 
pho~phorous for optimum growth. 
A nitrogen requirement of about 11 percent of the 
cell volatile solids weight and a requirement for phos-
1 phorous equal to about one-fifth of the nitrogen require-
ments~are needed. 
Sodium, potassium, calcium, magnesium and iron may 
I 
inhibit degradation at high concentrations. The greatest 
digestibility occur~ \h th materials lowest in 1 i gnin and 
cutin content. The lignin and cutin cannot be digested 
so these substances impose an upper limit on digestibility. 
The topmost layers of soil have been thoroughly studied 
. 
and found to contain a region of intense biological activity. 
The possibility of biochemical alteration of pollutants in 
the subsurface ecosystems has been given little consider-
ation. 
Dunlap and McNabb (3) discuss subsurface biological 
activity. The subsurface is a highly structured environ-
ment that is heterogeneous and it is a habitat for virtu-
ally only microorganisms. Investigations suggest that 
bacteria that can adjust to the s_ubsurface environme n t 
could possibly reach d e ep subsurface habitats ov e r lon g 
periods of time. 
Water is necessary for microbial life. Subsurfac e 
water is in two z one s ; th e saturation z one and the a e ration 
zone. The rate of movement of groundwater i s v e ry s low 
and microb ial growth can be retarded in time o f drought. 
5 
11 
A microbial habitat must provide needed nutrient s . 
Carbon, nitrogen, phosphorous, and sulfur are essentials. 
For a long time it was thought that no microbial life 
existed in the subsurface. Dunlap and McNabb (3) tell that 
since 1926, tests have been run to determine if micro-
9rganisms existed deeply in the subsurface and it has been 
I I 
I I 
found that they do exist. The variety of organisms vari e s 
I I 
greatly 1 due to various 
perature and pH. Also 
environmen r al factors such as tern-
[ ' 
lthe presence of oil undergrounJ 
determines the type of organism present. One test showed 
an increase in microbial presence just above the water 
table. 
Investigations show that microbial activity is possible 
as well as probable in most subsurface regions associated 
with groundwater. 
Wallace Fuller in "Movement of Selected Materials in 
Soil and Their Applications to Waste Disposal Problems" 
(4), lists two general factors that must be considered 
with mi gration rate. Soils contain elements that are 
considered trace contaminants which move throu gh the s o il . 
These can be relea sed by acid condi ti ons. The s econd 
factor i s that time must be consi~ered. Contaminants may 
I 
~e introduced in small amounts, but they c an accumulate i n 
the soil over a period of t i me . 
There a r e several mechanisms that influe nc e mi9ration 
in soil. These mechani s ms affect different soil s i n 
differing wa y s. Different mechanisms are listed by Puller 
(4), Phillips (5), and a "Rev iew of Leachate At tenuation" 
(6). 
6 
Oxidation/reduction reactions is one of these. Oxidiz-
ing reactions favor attenuation whereas reducing reactions 
do not. Electron transfer does not need to include oxygen. 
Many attenuation mechanisms involve reactions on 
sqrfaces. Attenuation is more pronounced when larger 
I 
surface areas are available. Finer soil materials such as 
clay wil1 have greater attenuation pote~tial than coaf s er 
soils like sand or gravel. Hydroxy oxides (Fe, Al, Mn) 
can also greatly increase attenuation. 
Fine textured soils have a greater volume of pore 
space than coarse soils but fine soils have smaller pores. 
Small pore spaces impede water flow which is the vehicle in 
which soluble constituents move. With a slower flow rate, 
there is more time for the contaminants to react with th e 
soil which means greater attenuation. The effectiveness of 
a soils attenuating potential increases with the size an d 
charge of molecules. 
Organic matter in soils generally slows contaminant 
movement. Organic matter has a high tendency toward retain-
ing heavy metals but it is susceptible to microbial attac k 
which can release the metals. 
Concentrations of ions or salts in a waste can ei ther 
increase or decrease attenuat jon of a given contaminant 
depending on: the kinrls of ions present in the soil, th e 
concentration of contaminants in the soil and leachate, 
and pH. 
Hydroge n ion concentration (pH) is not considered a 
7 
mechanism but it greatly affects the other mechanisms. A 
pH of 6.7 to 7.7 will 1 increase attenuation with a value of 
7.0 to 7.2 being optimum. pH values that are neutral or 
slightly alkaline in soil may decelerate the mi g ration o f 
most heavy metal contaminants. Prolonged discharge of 
I I 
highly acidic or highly alkaline waste solutions can ~lter 
I I 
the soi ~ pH and release some of the natural soil compr nent s . 
As soil's become more acidic, attenuation decrease s . 
I I 
Fuller (4) and Phillips (5) both claim that adsorp t ion 
is the most important attenuation mechanism for both organic 
chemicals and heavy metals. Ad s orption is adh e sion of con-
taminants to the surface of solid materials. It k eeps 
mater i als from migrat i ng throu g h the soil. 
Clim a te i nfl ~ ences a t tenuat i on. Wettin g and dryi n g 
in s hort int e rval s decre a s e mo b ility . High ra i nfal l ma y 
dj lut e t he cont am i nants o r i nc r e2 se thei r. fJ n v, t hrOll(l h thr 
s 0 i l. \1'a r !'T1 Rnrl ho t terrq,Pra t u r P c ond i U .on s al so p romo t "" 
attenuat i on throuq h i.ncrea sed f 0rm2 tion o f h ~1cir0 xv o ;d,]0.::-: . 
I 
Cat i on e xchan 0 e c a pa ci t y incre ases a s cl ay c ont e n t i n 
so il j nc rea ses a nd a s s 0 i l pH ra ises . Rut, c ontaminants 
ma y not b e permanentl y r emoved b y cation Pxchan ge . 
A f f' w othe r mec han ism s mentione d i nclud e wat e r sb ) 1~-
bi lit y , chemic a l prec ipi tat j on, h iological activ ity , 
filtrat ion, and g a seou s oxcha nge. 
Some of the processPs wh ich mic roorgan :l. sm s pe r~form or 
med i ate incl ttd e de q r ad a ti on of org ani cs , n i tr ifjc a ti on and 
den i tr ifj ca ti on, deple t io n o f o x y~e n s u pplies , par ticipat ion 




1 Iii I I i I, I ' I' I 
I I I 'I I 
i 
of . organic acids, produc~ion of o ~ganic species on which 
I ' I ' I ' 
components can be adsorbed, methylatior :and production of 
, organic debris. Many experimental investigations of 
I 
leachate/soil interactions ignored microbial effects. 
I I 
I 
Mobility of contaminant elements generally are accel-
'1 I , , ,' I 
I ' I I I I I I I I • erated in oxygen-stressed soils. I Anaerobic systems ,are 
I '1 I I 1 ~ I , 1 1 1 I I I I 
[ ch~raaterized ,by 1 g . s Jr~. ~uciion, pe~ucin1 condition~, \ ! 
1 
. 
I I ' I ' I. I I .I I ' I I I 
f organic : acid ~rodu~tion~
1 
ret~rdat t o~ of l iodegradation, 1 ! 
' and water movement not retarded b~ slime production. 
Methane is produced at a pH between 6.~ and 7.2 and does 
not noticeably affect attenuation~ Hydrogen sulfide is 
produced by reduction and is highly re~ctive with some 
contaminants. Carbon dioxide is produced and combines 
with water to form carbonic acid, lowering pH and increas-
ing mobility. Anaerobic degradat 1ion proceeds slowly. 
Clogging and filling of soil por~ spaces ' is less se~ere 
I 
under anaerobic conditions. This along with no slime 
I 
retardation means less attenuation. ~naernbic and ac idic ' 
conditions may be less effective for attenuation than I 
aerobic conditions. 
The attenuating behavior of soils renders many 






so i ls in a "Review of Leachate Att e nuation" (6). Th e re 
are several jmportant soil parameters - in attenuation. 
I 
Soil compositions can h e ranked in te~ms lof adsorptI~n 
I 
and ion exchange as follows: organlcs > ' clays> silt f ") 
sands. Particle size distribution . is I important. 
I 
1 Phillips (5) lists five processes! that are believed to 
I determin~ the 1overall rate of decay. These are microbial 
degradation, chemical degradation, photochemical de9rada-
1 I I 
tion, !volatilization and organism uptake. Phillips , also 
points out a study done by Apgar and Langmuir in 1971 on 
.I 
:I the character 1and Jilovement 
I 
of lantlfill leachate. They 
I I 
obs~rJed the f911owing mechanisms~ ~ ilution and disp~rs i on, 
oxidation, chemi~al precipitation, 
exchange. 
Several studies have been done related to attenuation. 
Crump and Malotky (6) ran batch and column tests on muni-
cipal landfill leachate and evaluated them under anaerobic 
conditions because this represents the worst and most 
frequent of leachate/soil contacts. When anaerob ic 
leachate is exposed to the atmosphere, metal precipitates 
rapidly form. This investigation concluded that flow simu-
1 
lation i~ superior to batch equilibrations. It also found 
that the sand used had ljttle attenuative value. 
Several facts were discovered in a "CPAR Project 363 
! Final IReport" (7). Lower rainfall and the effects of rlr y 
seasons will probabl ~ result in the attenuation of undesir-
able leachate characterjstics. Aci1 soils were found to 
' be beneficial, neutral soils had little effect and alkaline 
I 
soils arr sometimes adver se . It was also found that ijcidic 
I 
clay/loam soils can remove three times, as much as a ··gravel 
I 
I and slower movement throu g h soil allows better treatment. 
In a laboratory study on recyal:i.n0 leachate through a 
I I 
landfill b y Birheck, 1 Vos, and Walden (8), it was found that 
I 







the leachate from 1 a pulp mill's solid waste was extremely 
toxic, high in organic carbon, and cblored. 
I I 
In one fi1al study by Soyupak, Farquhar and Sykes ( 9 ), 
I I . I I I 
;I the micrbbial decomposition of organj.c matter in soil 'atter-
1 I I I 
uation was discussed. Organic matter in leachate varies 1 .in 
11 
1 concent~ation for each landfill s 1ite b~t j_s usual l y 1 quite , 1 1 
I I 
, I : I I high. As landfi~l~ age
1
, the leachate COD , is reduced~ hov1- 1 
I ' : I I i I I I! I I 
ever, the high organ~c levels are not aiways found in 
' I I ' ' ' I I I 
I I I 
adjacent groundwaters. Therefore, o~ her attbnuating 
processes reduce the leachate organics. 
Work kas undertaken by Soyupak, Farquhar and Sykes 
(9) to investigate the extent and rate of organic matter 
I I 
1 reduction, the types of organics reduced, the production 
of gases, and the development of models for simulation. 
The results showed a slight permeability reduction after 
I 
120 days of microbial activity; after four weeks methane 
was being produced and COD was sign ~ficantly reduced. 
Organic matter removal in the columns increased .by 90 
percent 1in 70 days. 
methane product i on. 
I 
A lag of ten days was noticed befo re 
1 
I 
h • I Carbon dioxide production e g a n : 1mme-
. I 
diately but after 70 day s the gas composition was 19 pe r cent 1 
I , 
carbon dioxide and 81 percent methane. 
I 
This work showed that extensive removal of organic 







An experiment was proposed to show l the difference 
I ! 
I I 
betweery a fine and coarse soil in the way they affect the 
I I 
degradation of a leachate. This was accomplished through 
I I 
the use of a very fine organic clay and a sand/gravel. 
1 I Also the organic degradation rate was to be determined by 
I I I i I ' i I ', I J : 




1 [I' 11 i' ape, tp~ 1bwer th~ org~nic co~tent is l' ;1 ~ 1\ ~he ~ample1• 1 A~s6 
I I I I I; I I ! I II I I : I . I I 
I , QRP values would be taken to
1 determine what state of i 1 'I 
I , , . I 1 . 
1 
r , 1 : 









I 1. I 
I I 
Fine Clay - 200g for each of 8 bottles 
I I 
2. Coarse Sand-gravel - 200g for each of 8 bottles 
3. , Leachate kept under anaerobic conditions 
1 fo( each of 25 bot f les 
I I I I 
Equipi ent I I I 1 
I I 
I 






I I I I 
I • I I 
Rotation device (see Fi g . 1) I 
7 
pH-ORP meter 
Various sized pipets: 5 , 10, 25ml 
Atmo sba g with argon tanks 




Around 100, 20ml test t ubes with caps 






Te st tu be rack 
COD di gestion apparatus an9 flask s 
50ml buret I 
I 
Ma g netic stir bar and stirrer 
1. Phosphat e -test che mical s 
see Appe ndix I A 
2. COD chemical s 
see Appe nd i x IR 
Procedure . 





Th e s o i l s we r e obt ained fro m ce ntral Wisconsin. 
The s and was from 3-4 feet be low t he s urfac e 
a nd th e clay from 8-10 feet below the s urface. 
All organ jc ma t t e r wa s r em oved from the s and 











washed and air dried. It was then sieved 
through 10 mesh screen and the particles , I 
which passed through the screen were used. 
(The procedure for organic removal can be 
found in Appendix .!f). 
14 
The organic matter was not removed from th e 
clay. The clay was oven dried to easily lose 
moisture, then ball milled. It was passed 
through a 30 mesh screeh and those particles 
I which passed the siev~ were used. This I 
I screen also removed mr st1 of the debris. I I I I i I I I I I I Ir. Leayhate1 Prepaqation I 11 I 11 '1 1 1 1_ I I I ·1 1 
I I I ' I I I I I I 
\ The leach~ ~e was kept il i~ apaerobic conditions 
II in a carboy with Nitrogen ttowing through. 
III. Phosphate Testing 
Leachate samples were initially tested for 
total and ortho-phosphate content. rhis 
procedure is in Appendix _g. 
IV. Reactor Preparation 
I V • 
All reactors (bottles) were filled under 
anaerobic conditions. An atmosbag purged 
with argon was used. 200g of sand were 
added to each of 8 bottles and then 800mls 
of leachate. The same procedure was follo wed 
for clay. Also 9 bottles and 5 test tubes 
were filled with leachate alone. All samp l es 
were then labeled with contents, temperatu r e 
and a letter. Three of the leachate alone 





All caps were taped onto bottles and 4 clay, 
4 sand, and 3 leachate alone samples were put 
in each PVC tube. The PVC tubes were connected 
to the dr ive mechan~sm and rotated one j_n 10°c I 
and the other in 20 C running water. See Fig. I• 
Testing II 
Samples were removed from 1 leachate alone, 1 I 
2 clay, and 2 sand reactors of each temperature. 
Samples we re removed in an argon pura~d a t mos-
b a g and tested for pH and ORP. Out of the 
atmosbag , the test tubes containing these 
-











samples were centrifuged and l0mls used for 
running CODs. The procedure for running 
CODs is explained in detail in Appendix 1b. 
VI. Gas Sampling 
Gas samples were drawn fro~ high temperature 
reactors into a syringe. The gas was injected 
into a TOC meter to measure carbon content, 
not including CO2. Al~o, gases removed in 
the same manner were subjected to an 
explosi~eter to register th~ volatile 
portion of the gas. 
I 
Results Presentation 
Initially, total phosphate and ortho-phosphate tests 
I 
were run on the leachate. The results of these tests are 









Table I - 1tandardi~ati l n 
Ortho-Phosphate , I Total-Phosphate 
Cdnc.(mg/1) Reading I Conc,(mg/1) . Re ading 



















All readings are taken from a spectrophotometer at 88 0nm. 
All readings were taken using a 5 cm cell except the las t 
ortho-phosphate test which used a 1 cm cell. 
Table II - Leachate Test 
Total-Phosphate Ortho-Phosphate 
Distilled Sample Distilled Sample 























































I I 0.655 
o.[660 I 








I ' I I I 'I 
Standardization curves of absorbance 
I 1 : I 11 I, • 
versus concentrat ion , 
I I I 
are 
11 
included in Appendix II~ . I I 
The periodic tests included pH, ORP, and COD. The ORP 
and COD results are presented in the following graphs and the 
pH values in the following tables. The actual values for ORP 
and COD are included in Appendis III. 
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COD Results for High Te rn erature 
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Li -•-Leachate Alone 
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COD Results for Low Tempera ture 
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Discussion of Results 
Phosphate Tests 
23 
The phosphate standardization curves produced nearly straight 
lines. These curves can be used to find concentrations of ortho-
phosphate or total-phosphate between 0.005 and 0.025 mg/1. 
In the first attempt to digest leachate for total phos-
phate content, the mixture of leachate and acid was quite 
reactive. (Cautions the reactors can jump off the burners 
when t his reaction occurs between the leachate and nitric acid.) 
After digestion was completed, a color forming reagent wBs added 
to both of the remaining samples; a blank wa s not kept. An un-
digested sample and distilled water were used as blanks. Results 
were erronious showing the ortho-phosphate content to be higher 
than the totRl-phosphate. 
The test was repeated without the previous errors, but the 
tota l phosphate readings were not remotely in agreement. Also, 
most of the readings went off the scale using a 5 cm cell in the 
spectrophotometer. 
A final test was run for just ortho-phosphate. The readings 
were in agreement using a 1 cm cell. The corresponding ortho-
phosphate c oncentration for these readings is 0.655 mg/1. This 
value is low for the am ount of nutrient needed by methanogenic 
bacteria but higher than wa s thought to be in the leacha te.* 
These tests were run to determine if there was e~~ugh 
nutrient phosphate for anaerobic bacteria. 
• From consultation with Bill Thacker of the NC ASI. 
Leachate Analysis 
The leachate used in this study was from a southern kraft 
mill. The leacha te was analysed by the National Council for 
Air and Stream Improvement. The sulfate content wa s found to 
be 19 mg/1, the chloride content was 620 mg/1, alkalinity wa s 
2500 mg/1 CaC03 equivalents and the sample was low in heavy 
metals. The metals analysis is included in Appendix IV. 
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After the reactors had been in the PVC tube s for a week, 
the leachate began to darken and a black precipitate was formed. 
A similar situation was found by Khare and Dondero (10). It is 
believed that this blackening is due to the removal of oxygen 
and to precipitation of sulfides by sulfate-reducing bacteria 
under anaerobic conditions . 
COD, ORP, and pH Tests 
Periodic pH, ORP and COD tests were run on samples from the 
reactors at 2 days, 1 week, and every other week thereafter. 
Initially, the ORP values went quite high . This wa s probably 
due to some oxygen being in the soil samples and also f r om gas 
compression in the cool temperature reactors. The ORP values 
that initially went high, decreased gradually to between -150 
and -250 for the various samples. The clay tended to have the 
highest ORP values. If methanogenic bacteria were present, the 
ORP values shouli.be around -500mv. Another problem encountered 
with this study wa s the loosening of the reactor caps-and the 
leakage of leachate. 
After 2J to 37 days both the leachate alone and the clay 
samples from the warm tempera ture began to drop significantly. 
They began around 2800 mg/1 then stabilized around 400 mg/1 
after 51 to 67 days. Since the values for the leachate alone 
were lower than that of the sand and similar to the clay, it 
shows that adsor~tion did not play an important role in the 
degradation. The sand and leachate sample did not show signs 
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of degradation. There seems to be no good reason for this r esult. 
In speculation, the sand could contain an inhibitor to metha-
nogenic or acetogenic bacteria. One such inhibitor is the lack 
of nutrients which is a possibility since the sand had no organic 
matter in it. 
Gas Sampling 
In the reactors that had no COD drops, methanogenic bac-
terial action was suspected, so gas S:m.ples were taken f r om the 
headspace in come of the warm temperature reactors. These gases 
were released into a TOC (Total organic carbon) meter bypassing 
the carbon dioxide mea surement. The meter showe d high levels of 
organic gases in both the leachate alone and clay samples with 
a lower reading from the sand sample. Also a similar test ~a s 
run using an explosimeter. These results were similar to those 
of the TOC but the sand was si gnificantly lower than clay and 
leachate alone samples. A cold control sample wa s also tested 
for gas and registered near zero on the explosime t er. 
Obviously carbon dioxide was present because it is pro-
duced all through the degradation proc ess, but the ga s&s mea-
sured could have been hydrogen or methane depending on how far 
the degradation process had proceed ed. 
The pH values were cons istently in th e 6.6 to 7.6 range 
which is ideal for methanogenic bacteria. The only values 
which were below this range were in the low temperature clay. 
This may have been due to acid production. 
Supportive Tests 
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As another supportive test, the NCASI ran alkalinity t ests 
on the high temperature leachate alone and sand samples plus a 
cold control. The results showed the cold control to .have an 
alkalinity of 2500 mg/1, the same as that initially measured. 
The sand sample had dropped a small amount to 2400 mg/1 but the 
leachate alone sample had dropped to 1700 mg/1. These results 
indicate acid production in the degraded samples. 
At one point CODs were taken on a cold control sample 
taken from a nitrogen atmosphere and from the same sample 6½ 
hours later after exposed to the atmosphere and at room temp-
erature. The initial COD was measured as 2190 mg/1 and the 
COD 6½ hours later was 2080 mg/1. This showed a 5% decrease. 
Rate Constant Determination 
Rate constants were determined for warm temperature leachate 
alone, clay, and the two ·combined as a first order and as a 
zero order reaction. Using linear regression, the follow i ng 














These values were found by taking the slope of graphs as the 
K value. For a first order re qction, the natural log of the 
initial COD/CODt was plotted versus time. The zero reaction 
had initial COD - CODt plotted against time. 
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The data seemed to fit a zero order reaction slightly better 
than a first order. The following graphs show the determination 
of the K values. The K values obtained for the first order 
reaction were compared with a graph of previously calculated 
K values at different temperatures. The value of a.OJ agreed 
between the two values for a 20°c reaction. Using this graph, 
a K value for a first order reaction at 10°c is found to be 
between 0.002 and 0.02 with an average of 0.012. 
By taking the COD values from the cold temperature samples, 
a COD can be predicted and compared. 
CODi = 2900mg/l 
K = 0.012, 0.002 
t = 67 days CODt = 1J14 mg/1, 2541 mg 
These values show that the cold temperature reactors have high 
levels of COD compared to the predicted values, but they are 
within the range. It is possible that degradation ha s occured 
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Warm temperatures increase the rate of degratlatio 1 
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. I , 
There would have been more degradation in the sbi 
samples than the leachate ·alone if adsorption was .. . 1 
I I '.' 
significant due to the surfaces provided by the soils. 
I Ii I 
,. 
Acid was being produced because alkalinity decreased 
noticeably in the reactors that dropped in COD. 
·I 
the samples were in the intermediate stage of 
methanogenic degradation. 
I 
The degraded samples probably had not reached the I 
methane producing stage because the ORP values we~e 
not ·low enough. ,I[ 
5. The reactions resembled a zero order reaction closer 
than a first order reaction. 
I 








1. The bottles used for reactors should be of a type 
with tight sealing lids; perhaps canning jars. 
, 2. When the reactors are prepared, the samples for the 
cool temperature should be added to the reactors at 
a low temperature so gas compression does not allow 
oxygen into them. 
3. A larger soil to leachate ratio should be used if it 
will allow enough leachate for sampling. 
4. Ide~lly, the test should be run longer to confirm 
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APPENDIX IA: Procedure for Phosphate Test 
SULFURIC ACID- NITRIC ACID DIGESTION 
1. Apparatus 
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a. Digestion racka An electrically or gas-heated digestion 
rack with a provision for withdrawal of fumes is recommended. 
Digestion racks typical of those used for microkjeldahl diges-
tions are suitable. 
b. Microkjeldahl flasks. 
2. Reagents 
a.Sulfuric acid, H2S04, cone. 
b.Nitric acid, HN03, cone. 
c.Phenolphthalein indicator solution. 
d.Sodium hydroxide, NaOH, 1N. 
3. Procedure 
a. Into a microkjeldahl flask, measure a sample containing 
the desired amount of phosphate (this is determined by the 
method used for the colorimetric finish). Add 1 ml cone. H2S04 
and 5 ml cone. HN03. 
b. Digest the sample to a volume of 1 ml and then continue 
the digestion until the solution becomes colorless in order to 
remove HN03. 
c. Cool and add approximately 20 ml distilled water, 1 drop 
phenolphthalein indicator, and as much 1N NaOH solution as re-
quired to produce a faint pink tinge in the solution. Transfer 
the neutral solution, filtering if necessary to remove partic-
ulate material or turbidity, into a 100-ml volumetric flask. 
Add the filter washings to the flask and adjust the sample 
volume to 100 ml with distilled water. 
d. Determine the phosphorus present by Method D,E, or F, for 
which a separate calibration curve has been constructed by carry-
ing standards through the acid di gestion procedure described 
above. 
F. Ascorbic Acid Method 
1. General Discussion 
a. Princi i' le I Ammonium molybdate and potassium antimonyl 
tartrate react in an acid medium with dilute solutions of ortho-
phosphate to form a heteropoly acid - phosphomolybdic.acid -
that is reduced to the intensely colored molybdenum blue by 
ascorbic acid. 
b. Interferencea Arsenates react with the molybdate reagent 
to produce a blue color similar to that formed with phosphate. 
Concentrations as low as 0.10 mg/1 arsenic interfere with the 
phosphate determination. Hexav:al.ent chromium and nitrite inter-
L__ 
J4 
fere to give results about 3% low at concentrations of 1.0 
mg/1 and 10 to 15% low at concentrations of 10 mg/1 chromium 
and nitrite. Sulfide and silicate do not interfere in concen-
trations of 1.0 and 10.0 mg/1. 
c. Minimum detectable concentrations Approximately 10fa.g P/1. 
P ranges are as follows, 











a. Colorimetric equipments One of the following is r equired, 
1) Spectrophotometer, with infrared ~hototube for use at 880nm, 
providing a light path of 2.5 cm (lin.) or longer. 
2) Filter photometer, equipped with a red color filter and a 
light path of 0.5 cm or longer. 
b. Acid-washed glassware, See Method D 
J. Reagents 
a. Sulfuric acid solution, 5Ns Dilute 70 ml cone. H2S04 with 
distilled water to 500 ml. 
b. Potassium antimonyl tartrate solution: Dissolve 1.3715 g 
K(Sb0)C4H406• ½H20 in 400 ml distilled water in a 500-ml volu-
metric flask and dilute to volume. Store in a glass~stoppered 
bottle. 
c. Ammonium molybdate solution, Dissolve 20 g (NH4)6Mo70z4•H20 
in 500 ml distilled water. Store in a plastic bottle at 4 C. 
d. Ascorbic acid, 0.1M: Dissolve 1.76 g ascorbic acid in 100 
ml distilled water. The solution is stable for about 1 wk at 4 C. 
e. Combined reagent, Mix the above reagents in the following 
proportions -for 100 ml of the comb i ned reagents 50 ml 5N H2so~, 
5 ml potassium antimonyl tartrate solution, 15 ml ammonium molyb-
date solution, and JO ml ascorbic acid solution. Mix after 
addition of each reagent. All reagents must reach room temper-
ature before they are mixed and must be mixed in the order given. 
If turbidity forms in the combined reagent, shake and let it 
stand for a few minutes until the turbidity disappears before 
proceeding. The reagent is stable for 4 hr. 
f. Stock phosphate solutions See Method D 
g. Standard phosphate solution, Dilute 50.0 ml stock phos-
phate solution to 1,000 ml with distilled water; 1.00 ml=2.50~P. 
4. Procedure 
a. Treatment of samples Pipet 50.0 ml sample into a c l e~n dry 
test tube or 125 - ml erlenmeyer flask. Add 1 drop phenol-
phthalein indica tor. If a red color develops add 5N H2S04 
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solution dropwise to just discharge ·itie color. Add 8. 0 ml com-
bined reagent and mix thoroughly. After at lea st 10 min but no 
longer than JO min, measure the color absorbance of each sample 
at 880 nm, using the reagent blank as the reference solution. 
b. Correction for turbidity or interfering colors Natural 
color of water generally does not interfere at the high w~ve-
length used. ·rn the case of highly colored or turbid waters, 
prepare a blank by adding all the reagents except ascorbic 
acid and antimonyl potassium tartrate to the sample. Subtract 
I the absorbance of the blank from the absorbance of each of the 
1 unknown samples. I 
1
1 
c. Preparation of calibration curve, Prepare individual cali-
bration graphs from a series of six standards within the phosphate 
ranges indicated in Section F.lc. Use a distilled water blank 
with the combined reagent to make the photometric readings for 
the calibration curve. Plot absorbance vs. phosphate concentra tior. 
to give a straight line passing througn the origin. Test at 
least one phosphate standard with each set of samples. 
5. Calculation 
mg/1 P 
APPE NDIX IB: 
2. Apparatus 
= mg PX 1 1 000 
ml sample 
Procedure for COD test 
a. Reflux apparatus, c onsisting of 500-ml or 25 0-ml erlenmeyer 
flasks with ground-glass 24/40 neck and JOO-mm jacket Liebig, 
West, or equivalent condensers, with 24/40 ground-glass joint, 
and 2a hot plate having sufficient power to produce at least 9 W/ in. of heating surface, or equivalent, to insure adequat e boil-
ing of the contents of t he refluxing flask. 
J. Reagents 
a. Standard pota ssium dichromate solution, 0.250Na Dissolve 
12.259 g K2Crz07, primary standard gr ade , previ ous ly dried at 
103 C for 2 hr, in distil l ed wat er and dilute to 1,000 ml. 
b. Sulfuric ac id r eagent, cone H2S04 conta.ibing 22 g silver 
sulfa te, Ag2S04 , per 4 kg bot t le ( 1 to 2 days r equired for dis-
solution). 
c. Standard ferrous ammonium sulfate titrant, 0.1 0 Na Dissolve 
J9g Fe( NH4) z(S04 )2·6H2o i n distilled water. Add 20 ml cone H2S04 
cool, and dilute to 1,000 ml. Standardize this solutbon daily 
against the standard K2Cr207 solution. 
Standardization-Dilute 10.0 ml standard K2Cr207 s olution to 
about 100 ml. Add JO ml cone H2S04 and cool. Titrate with the 
ferrous ammonium sulfate titrant , using 2 to J drops fe r roin indi-
cator. 
Normality= ml KzCrz03x 0.21 
ml Fe(NH4 2(S04 2 
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d. Ferroin indicator solutions Dissolve 1.485 g 1,10-phenan-
throline monohydrate, together with 695 mg FeS04•7H O in water 
and dilute to 100 ml. This indicator solution may be purchased 
already prepared. 
a.Mercuric stilfate~liso4, crystals. 
f.Sulfamic acids Requi red only if the interference of nitrites 
1
is to be eliminated. 
4. Procedure 
a. Treatment of samples with COD values over 50 mg/la 
Place 50.0 ml sample or a smaller sample portion diluted to 
50.0 ml in the 500-ml refluxing flask. Add 1 g HgS04, several 
boiling chips, and 5.0 ml H2S04. Add the H2S04 very slowly, 
with mixing to dissolve the HgS04. Cool while mixing to avoid 
possible loss of volatile materials in the sample. Add 25.0 
ml 0.250N K2Cr207 solution and again mix. Attach the flask to the condenser ana start the cooling water. Add the remaining 
H2S04 (70 ml) through the open end of the condenser. Continue 
swirling and mixing while the acid is being added. Mix the reflux 
mixture thoroughly before heat is applied; if this is not done, 
local hea ting occurs in the bottom of the flask and the mixture 
may be blown out of the condenser. 
Alternatively, use sample volumes from 10.0 ml to 50.0 ml and 
adjust volumes, weights, and normalities accordingly. 
Use 1 g HgS04 with a 50.0-ml sample to complex 100 mg chloride 
(2,000 mg/lJ. For smaller volume samples use less HgS04, according 
to the chloride concentration; maintain a 1011 ratio of HgSO+aCl. 
A slight precipitate does not affect the determination adversely. 
As a general rule, COD cannot be measured accurately in samples 
containing more than 2,000 mg/1 chloride. 
Reflux the mixture for 2 hr or use a shorter period for 
particular wastes if i~ has been found to give maximum COD. Cover 
the open end . of the condenser with a small beaker to prevent 
foreign material from entering the refluxing mixture. Cool and 
wash down the condenser with distilled water. 
Dilute the mixture to about twice its volume with distilled 
water, cool to room temperature, and titrate the excess di-
chromate with standard ferrous am:1 onium sulfate, using ferroin 
indica tor. Generally, use 2 to J drops indicator. Although the 
quantity of f ~rroin is not critica l, use a constant volume. 
Take as the end point the sha rp color change from blue-green to 
red.dish brown, even though the blue-green rray reappear within 
minutes. 
Reflux in the same manner a blank consisting of distilled water, 
equal in volume to that of the sample, together with the reagents. 
c.Determination of standard solutions Evaluate the technic and 
quality of reagents with a standard solution of eithP-r glucose 
or potassium acid phthalate. Because glucose has a theoretical 
COD of 1.067 g/g, dissolve 468,6 mg glucose in distilled water 
and dilute to 1,000 ml for a 500-mg/l COD solution. Potassium 
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acid phthalate has a theoretical COD of 1.176 g/g; therefore, 
dissolve 425.1 mg potassium acid phthalate in distilled water 
and dilute to 1,000 ml for a 500-mg/l COD solution. A 98 to 
100% recovery of the theoretical oxygen demand can be expected 
with potassium acid phthalate. This reagent has an advantage 
over glucose in that it can be standardized chemically. It is 
also stable over a period of time, whereas glucose may be decom-
posed biologically quite rapidly. 
( • Calculation 
mg/l COD= (a-b)Nx8,000 
ml sample 
where COD=chemical oxygen demand from dichromate, a=ml Fe(NH4) 2-(S04)2 used for blank, b=ml Fe(NH4)2(S04)2 used for sample, and 
N=normality of Fe(NH4)2(S04)2. 
** The previous two procedures were obtained from Standard Method ~ 
APPENDIX IC: Procedure for organic matter removal 
1. Reagents 
1. Hydrogen peroxide, JO%. 
2. Magnesium chloride (MgCl2•6H20), lN, 102 g. per liter. 
2. Procedure 
If the sample wa s trea ted previously to remove soluble sa lts 
and/or carbonates, transfer it to a beaker with a minimum of dis-
tilled water. The beaker should be of sufficient size to elim-
inate loss of sam ple resulting from moderate to strong frothing. 
Cover the beaker with a ribbed watchglass, place it on a steam 
path or hot plate, and a llow excess water to exaporate until a 
soil-to-water ratio of 1:1 to 112 is obtained. Remove the beaker, 
and allow it to cool. 
If the sample required no other treatment prior to removal 
of organic matter, grind it to pass a 2-mm. sieve, and place the 
required amount into a beaker. The beaker should be of suffi-
cient size to eliminate loss of sample resulting from moderate 
to strong frothing. Add distilled water t~ the sample to give a 
111 to 112 soil-to-water ratio, and cover the beaker with a 
ribbed watchgla ss. 
If neces sary, make the suspension acid to litmus paper with a 
few drops of 1N HCl. Initially add JO% H202 in i ncrem~~ts of 5 
to 10 ml. or less, stir the suspension, and allow time for any I 
~trong effervescence or frothing to subside. Control reactions I 
that are too vigorous by cooling the beaker in a wa ter bath. 
~ontinue adding H2o2 in small amounts until the sample ceases to froth; then transfe1· it to a steam bath or hot plate at l ow heat 
(65° to 70°c.), and observe it closely for 10 to 20 minutes or 
until danger of any furt her strong reaction has passed. Add 
additional H202 in amounts to give approximately a 10% solution. 
Evaporate excess liquid between additions of H202 to maintain 
a soil-to-water ratio of 111 to 112. Do not allow the sample 
to evaporate to dryness. 
The reaction of soil with H202 is essentially complete when 
the soil sample loses its dark color or when conspicuous effer-
vescence ceases. Some effervescence will always be present due 
1D the decomposition of the H202. The majority of soils will show 
1 some color as a result of highly colored mineral ~articles and 
free iron oxides. 
, Transfer the sample with the aid of a powder funnel and wash 
bottl~ to a centrifug~ tube of appropriate size, palance pairs ' 
of tubes, centrifuge the tubes at 1 ~600 td 2,200 rpm. for 10 to 
15 minutes, and decant and discard the supernatant liquid. If 
play remains suspended, add a few drops of 1N MgCli, mix the 
suspension without disturbing the sedimented material, centri-
fuge the tubes, and decant the supernatant liquid. Further 
washing is not necessary. If, however, a clear supernatant 
liquid is obtained without the addition of any flocculating 
agent, fill the tube approximately one-third or less with dis-
tilled water, stopper it tightly, jar the soil loose from the 
walls of the tube by striking the bottom of the tube on a large 
rubber stopper, and then shake the tube for 5 minutes in a 
reciprocating shaker. Wash adhering particles from the stopper 
'and wall.s of the tube with a fine jet of distilled water. Bal-
ance pairs of tubes, centrifuge them for 10 to 15 minutes at 
1,600 to 2,200 rpm., and decant the supernatatant liquid. Floc-
culate suspended clay by the addition of a few drops of 1N MgC12 
as outlined above. The sample is now ready for removal of free 
iron oxides, dispersion, et cetera. 
** This procedure is from Methods of Soil Analysis by c. A. Blac~ 
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APPENDIX Ills COD and ORP Results 
I 
High and Low Temperature CODs 
Day Leachate Alone Sand Cla,Y 
High Low High Low High Low 
2 2773 )066 2900 2)79 2757 2244 
2908 2875 2896 2)68 2868 2689 
9 2629 2884 2645 2853 2366 2661 
2725 2685 2366 
23 1877 2792 2705 2764 ' 2413 2617 
125 
2764 2827 2 12 2614 
1737 
1766 
37 1361 3015 3168 3147 1572 281 9 
3152 3126 1389 
51 440 2717 2622 2650 813 2335 
2689 823 2402 
67 478 2497 2535 2612 392 2363 
2516 2478 411 2287 
High and Low Temperature ORPs 
Day Leachate Alone Sand Clav 
High Low High Low High Low 
2 -249 -95 -1)0 -106 -40 +50 
9 -252 -117 -160 -85 -120 +40 
23 -226 -180 -153 -123 -110 -110 
37 -235 -210 -167 -192 -200 -153 
51 -250 -188 -207 -162 -1 86 -140 
67 -120 -170 -140 -145 -180 -155 
APPENDIX IVs Leacha te Analysis of Metals in mg/1 (ppm) 
Ca 568. Mg 116. 
Cd <.0.005 IY.n 5.64 
Cr < O. 05 Na 204. 
Cu < o. OJ Ni i. 0.05 
Pe 11.3 Pb 1... o. 06 
K 72.8 Zn 0.049 
